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Abstract. We characterize a semiconductor external cavity diode laser whose
optical feedback is provided by a guided mode resonance filter (GMRF). We
focus on the spectral properties. The wavelength of operation falls in the telecom
range (1506 nm). The GMRF acting both as a wavelength intracavity filter and
feedback mirror allows for a compact laser design. The single-mode operation
is verified in a wide range of driving currents. We finely tune the cavity length
to adjust the frequency by 14GHz without mode-hops in agreement with the
expected free-spectral range of the resonator ∼20GHz. The compactness of the
cavity allows fast frequency sweeps when modulating the current (90MHz/mA
at 100 kHz, the modulation bandwidth). The frequency noise (366 kHz white-
noise contribution) is also analysed to evaluate the potential of our design for
high-resolution applications.
Keywords : external cavity diode laser, guided mode resonance filter, narrow linewidth
laser, tunable laser
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1. Introduction
External cavity diode lasers (ECDLs) are a standard
way of building single-mode and narrow-linewidth
sources [1], while keeping the intrinsic benefits of
the semiconductor lasers such as compactness, low
cost and high-modulation capability in amplitude and
frequency. Traditional ECDLs design uses a bulk
diffraction grating in Littrow [2] or Littman/Metcalf [3]
configurations leading to high sensitivity to vibrations
and temperature drift, and limited frequency agility.
In this lineage, the recent developments in fabricating
volume holographic grating allowed to conceive more
compact cavities [4, 5, 6, 7, 8, 9, 10, 11] even if the
bulk character of the frequency filter prevents a rapid
cavity tuning other than the diode driving current.
In the quest of smaller footprint ECDLs, several
approaches have been proposed. The first one makes
use of an interference filter as selective element. The
latter fully benefits from thin-film technologies and
nanolithography techniques [12] with a interesting
potential in terms of mass production. Low vibration
sensitivity has been obtained in the so-called cateye
configuration for the external feedback mirror [13].
Still, the use of different optical elements for feedback
and frequency selection limits the size and the
versatility of the system.
More recent approaches consists in the direct
coupling of the semiconductor laser into an integrated
resonant structure as a whispering gallery mode
resonator [14], a nano-fabricated ring resonator [15] or
a Bragg reflector on a planar silica waveguide [16, 17].
These hybrid architectures have been pushed to a
remarkable level of integration by producing butterfly-
packaged ECDL [18]. They also provide ultralow-noise
feature as compared to distributed feedback [19] and
distributed Bragg reflector [20] on-chip design.
Fully integrated photonic circuits have their
own advantages when narrow-linewidth are targeted.
Initially designed for a wide-tunability by carrier
injection in sampled distributed Bragg reflector
(DBR), the tuning mechanism induces extra-losses
that limit the linewidth [21]. Thermal tuning (without
carrier injection) appears as a possibility at the price
of a slower operation and higher thermal heating
[22]. Heterogeneous integration of III-V materials on
silicon allows to fully integrate the gain chip (III-V
semiconductor) and the resonator in low-loss silicon
circuitry [23, 24].
These multiplicity of material platforms and ar-
chitecture somehow reveals the diversity of applica-
tions. The latter cover different domains as atomic and
molecular spectroscopy for which technology transfer
from lab research requires a minimum level of integra-
tion while maintaining a narrow-linewidth [25]. The
development of advanced digital modulation schemes
in modern telecommunications combining amplitude,
phase and/or frequency modulations has also shown
the need for narrowband lasers to fully exploit the po-
tential of large constellation size [26].
In this paper, we report on an alternative
approach based on a Guided Mode Resonance Filter
(GMRF) as feedback element for the ECDL. A GMRF
is a reflecting narrow-band filter composed of a
subwavelength grating on a waveguide [27, 28]. Such
devices can exhibit a high reflection approaching 100%
[29] and a FWHM (Full Width at Half Maximum)
resonance as narrow as 0.12 nm [30] making them
competitive as compared to volume Bragg gratings
in terms of spectral selectivity. The angle tuning of
volume gratings or interference filters is not directly
possible with a single period GMRF but can be
obtained with a chirped grating (translation tuning)
without putting hard constraints on the fabrication
technique.
A GMRF is a planar reflecting optical element
benefiting from nano fabrication techniques with a
broad range of potential applications in sensing,
solar energy, photodetection, polarizing optics or
spectrometry [31]. Similar to the previously mentioned
hybrid architectures, GMRF-based lasers can be
packaged to small footprint [32]. In a sense, GMRFs
are at the interface between volume gratings and edge-
coupled wave-guided structures (gallery mode, ring or
planar Bragg resonators). As volume gratings, they
are used in retro-reflection (and not edge-coupled). As
planar elements, they contain a wave-guiding resonant
structure.
There have been a number of studies investigat-
ing the potential of GMRFs for laser frequency stabi-
lization, first on dye lasers [33, 34, 35] and large-area
or disk semiconductors lasers [36, 37], then on fibered
[38, 39, 40, 41] or solid-state lasers [42, 43]. Despite a
clear potential, only few ECDLs using GMRF as exter-
nal mirror have been demonstrated. The first imple-
mentation also demonstrates an interesting 1 nm ther-
mal tuning range [44]. The latter can be pushed to
7 nm by using a liquid-crystal GMRF [45]. Blue laser
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diode have also been stabilized by a variable-reflectivity
GMRF [46]. Poor angular tolerance inherent to GMRF
can be overcome by a sophisticated design of the in-
plane resonant structure in the so-called cavity res-
onator integrated guided mode filter configuration [47].
In this letter, we present an ECDL operating
at 1.5µm wavelength using a GMRF as external
mirror. Our prototype is not integrated but for
our demonstration we aim at maintaining a short
cavity (few mm). After detailing the extended cavity
design, we show that the ECDL is essentially single-
mode over a wide range of driving currents. We
also evaluate the frequency modulation response when
the diode current and the cavity length are varied.
We finally characterize the white-noise components of
the frequency noise (quantum-limited linewidth). The
latter should scale inversely as the extended cavity
length so justifying the ECDL setup as compared to
a single-ridge laser diode.
2. Laser design
We choose for our beam geometry a generic tunable
ECDL configuration [48] as used in the early days
for interference-filter based cavity design [12]. Our
gain medium is Fabry-Perot single stripe diode with
anti-reflection (AR) coating on one side (see fig.1,top).
The uncoated back facet (reflectivity ∼30%) serves
as an output mirror of the external cavity. The AR
coated facet reflectivity can be estimated from the
amplified spontaneous emission spectrum of the diode.
This latter is modulated by the Fabry-Perot effect in
the gain stripe. The modulation contrast gives an
estimated AR coated facet reflectivity of 0.7% at our
wavelength of operation (1506nm). Inside the cavity,
we use a 2-mm ball lens to collimate the beam. The
GMRF serves both as a filtering element and as an end
mirror.
The geometry of the GMRF is depicted in fig.2
(only one period is represented). It consists of
an SiO2/air grating (875nm period with 60 nm-deep
376 nm Si02 ridges and 499 nm air grooves) ontop of
a a-Si/SiO2 multilayer on a glass substrate. Out
of resonance, around 1506nm, the multilayer acts
simultaneously as an antireflection coating at normal
incidence and a single-mode planar waveguide. At
resonance, the grating couples incident waves to the
planar guided mode resulting in a 2 nm-large reflective
peak at 1506nm.
The GMRF is fabricated by soft-mold nano-
imprint lithography, as reported in [49] on a 4-inch
wafer. First, a multilayer stack is deposited by
inductively-coupled-plasma plasma-enhanced chemical
vapor deposition (ICP-PECVD) on a glass substrate.
This multilayer acts both as an AR coating and a
Figure 1. Top:Extended-cavity schematic. The cavity is
composed of the diode, a collimation ball lens and the GMRF.
The output from the back facet of the diode is collimated
(aspheric lens) and injected into a single mode fiber after a
miniature Faraday isolator to avoid unwanted optical feedback
into the diode. Bottom: Extended-cavity design. The gain chip
is an AR coated diode (yellow). A 2-mm ball lens (orange)
collimates the beam. The GMRF acts as filtering element and
end mirror (red). A PZT is used to adjust precisely the cavity
length (green). Adjustment screws (push-pull configuration) are
used to align the diode and the ball lens. We align the end mirror
of the cavity with 1/2” mirror mount (Thorlabs KM05 in black)
Figure 2. GMRF: one period of the GMRF structure used as
a reflector.
waveguide at the wavelength of design. Second, the
grating is etched in the first layer of the stack. A
master grating is defined by e-beam lithography and
etched in a silicon wafer. Using thermal nano-imprint
lithography (T-NIL), this master grating is replicated
onto a soft mold. This soft mold is then used in
a UV nano-imprint lithography step to transfer the
grating pattern in a layer of resist deposited ontop of
the final sample. A last etching step is used to transfer
the grating from the resist into the first layer of the
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multistack. Eventually, the wafer is diced into 5x5mm2
individual filters. Under normal incidence, the GMRF
exhibits a 85% reflectivity peak at 1506 nm with a
FWHM of 1.8 nm (see [49] for a detailed description
of the fabrication process and the final structure).
The GMRF is glued on a piezoelectric actuator
PZT (Thorlabs TA0505D024W). Because of the low
footprint of the GMRF, the cavity can be really small
(few millimetres in our case, see fig. 1, bottom).
This allows an enhanced frequency tunability that we
evaluate in this report. Additionally, the small mass
of the GMRF, as compared to the popular grating
based ECDL [50], permits faster operation of the quasi-
unloaded PZT thus significantly increasing the agility
of the laser.
The uncoated back facet of the diode is the output
port of the extended-cavity. The collected output
power is typically 5mW at 100mA driving current‡.
We obtain very comparable values than the previously
demonstrated grating based ECDL with the same gain
chip [51]. After proper collimation of the output
with an aspheric lens, we insert an optical isolator
in the path to avoid unwanted feedback from the
measurement setup. See fig.1(top) for as schematic and
fig.1(bottom) for the corresponding design. A fraction
of mW is finally injected into a single mode fiber for
the different characterizations reported hereafter.
3. Continuous-wave operation and
characterization
In this section, we characterize the laser in continuous-
wave (CW) operation when the two tuning parameters,
namely the diode injection current and PZT voltage,
are slowly varied.
We first record the output power and the
wavelength with a HighFinesse/A˚ngstrom WS7-30
wavelength meter as function of the injection current
(see fig.3). The threshold current is typically 40mA
and the maximum operation current 120mA.
The comparison between the output power and
the mode amplitude from a scanning Fabry-Perot
interferometer (FPI) Melles Griot 13SAF048as a
function of the current indicates the presence of mode-
hops at 65mA, 95mA, 108mA 118mA where power
drops are visible (see fig.3, top and 4). The displayed
mode amplitude is defined from the scanning FPI
measurements as illustrated in fig.4. This is the
amplitude of the highest mode. The mode amplitude
drops when a second mode appears (close to a mode-
hop).
The wavelength measurements confirm a well
established longitudinal single-mode operation above
‡ The current controller is a ILX Lightwave LCM-39427,
combining current and thermoelectric cooling controller.
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Figure 3. Power (top) and wavelength (bottom) as a function
of the diode injection current. The power is monitored with
a power-meter (red curve) but also by evaluating the mode
amplitude (black curve) of a scanning Fabry-Perot interferometer
in order to identify the mode-hops (see text for details).
50mA (below the measurements are inconsistent and
are not displayed in fig.3,bottom) and exhibit the
mode-hops at 65mA, 95mA, 108mA 118mA (see
fig.3, bottom). It should be noted that the mode
drops of the FPI measurements are more reliable
than the wavelength meter to evaluate the single-mode
character. In the case of two competing modes, the
wavelength meter gives the highest amplitude mode
wavelength.
The mode jumps can be explained by the
competition between the numerous extended-cavity
modes which are contained within the FWHM of the
GMRF (1.8 nm ≈ 237GHz). When the current is
adjusted, the optical length of the extended cavity
is modified (diode index modulation). This sweeps
the cavity modes and induces a mode jump. Indeed
the smallest mode jump by ∼ 20GHz (∼ 0.15nm at
65mA) gives an estimation of the extended-cavity free
spectral range (FSR) corresponding to a cavity optical
length of 7.5mm. This is consistent with our cavity
design composed of the laser diode (FSR of 90GHz
corresponding to a 1.6mm optical length), the 2mm
ball lens (focal length of 0.5mm and 3mm of optical
propagation in the N-BK7 glass) and 2-2.5mm of free
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space propagation. So there are approximately a dozen
of extended cavity modes contained in the FWHM of
the GMRF.
To further characterize the single-mode operation,
we monitor the transmission of the scanning FPI.
Close to a mode-hop, at 95mA, we clearly see a two-
longitudinal-mode operation as seen in fig.4 (top). In
the other region, the laser is essentially single-mode, as
shown in fig.4 (bottom).
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Figure 4. Two examples of Fabry-Perot interferometer (FPI)
spectra: at a mode jump around 95mA (top) and inside a single-
mode region around 100mA (bottom). The free spectral range
of the scanning FPI is 10 GHz. The black squares indicate the
amplitude of the highest mode, defining the mode amplitude as
displayed in fig.3 (top).
As a tuning parameter, the PZT voltage can be
changed to adjust the cavity length for a fixed injection
current (100mA in that case). We obtain in figure 5
the PZT tunablity from the wavelength meter similar
to fig.3(bottom) for the current.
The wavelength tunability varies from 0.7 to
1.2GHz/V (slope of the curve fig.5). These typical
values are consistent with the previously discussed
cavity FSR ∼20GHz since the PZT displacement is
2.8µm for 75V giving the expected value of 1.0GHz/V,
in good agreement with the experimental values.
The CW and longitudinal single-mode operation
being validated, we now focus on the laser response to
a modulated input for both the injection current and
the cavity length (PZT).
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Figure 5. Wavelength measurement as a function of the PZT
voltage.
4. Modulation sensitivity responses
We have intentionally conceived the cavity to perform
fast sweeps of the laser frequency. A short extended-
cavity and consequently a large FSR should ensure a
good agility when the injection current and PZT are
modulated.
The diode injection current is modulated directly
though a bias-T by-passing the current controller
(500Ω resistor and 3.3µF capacitor, corresponding
to a 100Hz low-frequency cut-off). The DC-bias
current is then imposed by the diode current controller
(100mA in this case). We typically apply a few
volts amplitude at the AC input corresponding to few
mA of modulation through the 500Ω resistor. The
modulation frequency is varied to characterize the
laser response (transfer function). To evaluate the
sensitivity, we use the previously mentioned scanning
FPI. We show in fig.6 (inset) the FPI transmission
when the diode current is modulated by 2mA at the
frequency of 100 kHz. By pointing the extreme side-
bands, we measure a sensitivity of 90MHz/mA at this
frequency.
The measurement is reproduced for a wide range
of modulation frequencies from 1kHz to 25MHz to
obtain the laser current response (see fig.6, top).
We observe an unexpected increase of the
sensitivity at 20MHz modulation. This resonance
cannot be attributed to the expected physical diode
laser operation, as for example, relaxation oscillation
which usually occurs at few GHz [52]. We suspect
instead a purely electronic resonance between internal
elements of the laser diode current controller and the
bias-T.
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Figure 6. Top: Current modulation response in MHz/mA.
Bottom: PZT voltage modulation response in MHz/V. The
dashed red curve represents the expected response limited by
the capacitance of the PZT (see text). Inset: Fabry-Perot
interferometer transmission for a 2mA current modulation at
the frequency 100 kHz to illustrate the responses measurement
method. The extreme side-bands are separated by ∼180MHz
giving a current sensitivity of 90MHz/mA at 100 kHz (circled
point on the current modulation curve).
The sensitivity at low frequency is in good
agreement with the CW operation of the laser as
measured in fig.3 (bottom). We indeed observe a
sensitivity in the range 150-300MHz/mA, for the
single-mode regions for which the slopes (wavelength
as a function of the current in fig.3, bottom) vary in
this range depending on the driving current. At higher
modulation frequencies, the sensitivity decreases to
50MHz/mA (at 10MHz). This value is sufficiently
large for fast sweeps of the frequency or a rapid
feedback when frequency locking is necessary.
A comparable measurement is performed by
acting on the PZT (see fig.6, bottom). The low
frequency value of the sensitivity (0.6GHz/V at 1 kHz)
is in satisfying agreement with CW measurement
depicted in fig.5 (from 0.7GHz/V to 1.2 GHz/V
depending on the PZT bias voltage). The decrease
of the PZT response can be well modeled (dashed red
curve in fig.6, bottom) by considering the capacitance
of the actuators. The capacitor forms a low-pass
filter with the input impedance of the modulation
signal generator (50Ω). If we leave the capacitance
as a free parameter for the data fitting by a low-
pass filter frequency response, we obtain a capacitance
of 1080nF in good agreement with the commercial
specifications of the PZT (950 nF ± 15%). Small
resonances are observable around 250 kHz, quite close
from the specified resonant frequency of the unloaded
PZT (315kHz). The small mass of the GMRF glued
on the ceramics slightly pulls the resonance towards
lower frequencies as expected but the impact is quite
moderate on the PZT performance. As a conclusion,
the PZT response is essentially limited by the internal
capacitance of the actuator. A well-designed and low-
impedance piezo-driver could certainly improve the
PZT sensitivity at higher frequencies [53].
As a conclusion, the compactness of the extended
cavity allows fast current sweeps (90MHz/mA at
100 kHz, the modulation bandwidth). Additionally,
the cavity length tuning (with a PZT) is greatly
facilitated by the light mass of the GMRF. To complete
our analysis of the laser, we now evaluate the frequency
noise and the long-term stability in typical working
conditions.
5. Noise analysis
We have chosen a compact setup focused on the
frequency agility which requires a short cavity.
Compactness usually ensures a good mechanical
stability and a lower sensitivity to thermal drifts. The
tight integration of the optical elements is not the
primary goal of our proof-of-principle demonstration
but a perspective. Nonetheless, it should be mentioned
that the price to pay for a short cavity is the frequency
noise. Following the modified Schawlow-Townes
formula [54] as a fundamental bound, the quantum-
limited linewidth should decrease as the inverse of the
length squared, all other parameters being equal (losses
and power for example). We address this question by
completing a basic noise analysis.
The frequency noise can be evaluated by perform-
ing the commonly-used self-homodyne or heterodyne
detection techniques [55, 56, 57]. In our case, we fo-
cus on the white-noise component of the laser by using
a short delay for the homodyne detection to precisely
evaluate the quantum-limited linewidth [58, 59]. Such
a measurement (short delay) doesn’t give any informa-
tion about the 1/f-type low-frequency noise, this lat-
ter having a major contribution to the laser linewidth
[60, 61, 62]. Our prototype is not optimized to re-
duce the 1/f technical noises, instead we focus on the
cavity size (few mm) that should strongly impact the
white-noise contribution (high-frequency). This allows
to evaluate the impact of the extended cavity as com-
pared to the (non-extended) laser diode. Additionally,
the homodyne detection with a short delay can be eas-
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ily implemented with standard fibered components al-
lowing perfectly contrasted homodyne beats. There is
no need of an acousto-optic modulator in that case.
As a reference unbalanced interferometer, we use
a fibered Michelson interferometer with a long-delay
spool (∼20m) on one arm [63] and a short arm.
The measured delay from the spectral fringe spacing
is τ0=190ns. The transmitted intensity is recorded
during 2µs and its correlation function is calculated
numerically. As explained in [59], the self-homodyne
measurement depends on the path length phase of the
interferometer. To retrieve the intensity correlation
function, the phase dependent component should be
removed by active phase modulation and subsequent
averaging. In our case, the phase averaging is done
passively by repeatedly recording the intensity every
few seconds during which the interferometer phase
fluctuates from shot to shot. The interferometer
doesn’t contain any active component at the end. After
100 averaging, we retrieve the correlation function as
plotted in fig.7.
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Figure 7. Intensity correlation function from self-homodyne
detection with short delay (in blue). The correlation function is
well-predicted for short delays by a white-noise model (in dashed
red, see text for details). The triangular shape of the curve is
not due to a lack of temporal resolution (0.2ns per point) but to
the physical shape of the correlation function (see eq.1).
The short delay of the homodyne detection allows
to estimate the white-noise contribution to the laser
linewidth. Assuming a purely white-noise S0 for the
frequency noise spectrum and neglecting the 1/f-type
low-frequency contribution, the intensity correlation
function reads as [59]:
G
(2)
E (τ) =
1
3
{
2 + e−S0|τ | if |τ | < τ0
2 + e−S0τ0 if |τ | ≥ τ0
(1)
Eq.(1) can be used to the fit the measured
correlation function in fig.7. The fit (red dashed line
in fig.7) gives a white-noise (Lorentzian) contribution
to the laser linewidth of S0 = 2pi × 366 kHz. This
value is smaller than the typical ridge laser diode
white-noise limit [61] and shows how beneficial it is to
extend the cavity of the diode [62]. Again, this value
does not give any information about the linewidth
over longer timescales (1/f-noise). As the quantum-
limited linewidth scales like 1/L2c (Lc being the cavity
length), by extending the cavity from Lc = 1.6mm
(ridge diode) to Lc = 7.5mm (extended cavity) we
expect a net reduction of the Lorentzian contribution
by a factor 7.52/1.62 ≃ 22 as compared to a ridge laser
diode. Thus we estimated that for similar power and
same facet reflectivity, the non-extended laser diode
would exhibit a ∼ 2pi× 8MHz Lorentzian contribution
which falls in the range of the typical linewidth for
ridge diode laser as reported in the literature [61].
As an additional frequency characterisation, we
also record the long-term drift of the laser wavelength.
We insert a thermoelectric coolers (TEC) under the
laser mount (brass colored in fig.1,right) and use
our combined current and TEC controller to stabilize
the temperature. The laser is enclosed in a box to
roughly minimize the ambient pressure change. In
theses typical conditions, we record the wavelength
with a WS7-30 wavelength meter during 24 hours. The
maximum drift is ∼2GHz/h and fluctuate during the
day probably limited by the thermal fluctuation of the
cavity length. The maximum excursion is 13GHz.
This latter can be significantly improved but is a good
starting point in the perspective of a better integration
of the laser.
6. Conclusion
We have verified the single-mode operation at 1.5µm
of an ECDL using a GMRF as external mirror. As
compared to a volume grating as a feedback filter, the
GMRF is a planar optical component whose potential
in terms of production and integration has still to
be investigated. The initial gain in terms of mass
and volume comes from the reduction of the substrate
thickness from few mm for a volume grating to few
hundreds of µm for planar optics (500 µm for standard
wafer, but much thinner ones are achievable).
As an illustration, we have verified that the
modulation of the cavity length by actuating the
GMRF position with a PZT is essentially limited by
the performance of PZT itself and not the small added
mass of the filter.
We explore the regime of short extended cavities
(7.5mm optical length corresponding to an FSR of
∼ 20GHz). The short length of the cavity is
essentially allowed by the reduced footprint of the
GMRF. As we demonstrate, this is a particularly
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interesting trade-off to obtain a moderate level
of white-noise contribution to the laser linewidth
(366 kHz) while maintaining a good modulation
sensitivity as confirmed by our measurements when
the current (90MHz/mA at 100 kHz, the modulation
bandwidth) and the cavity length (through a PZT)
are modulated. A longer cavity would reduce the
laser noise (following the modified Schawlow-Townes
formula if all other parameters stay constant) at
the price of lower modulation sensitivities (for both
current and PZT). It should be also noted that a
straightforward way to reduce the white-noise laser
linewidth is to use a higher power semiconductor
diode. So the measured white-noise contribution in
our proof-of-principle demonstration comes from a
technical limitation and not a fundamental one.
Guided mode resonant filters have been investi-
gated in a broad range of situations with many ap-
plications in the optical domain [31]. When inserted
in lasers as intracavity frequency selective mirror, an
interesting perspective is the active tunability largely
benefiting for the low footprint and the planar design of
the guiding structure, especially when electro-optically
active materials as substrates or deposited layers are
considered [64, 65]. The compactness of the filter scales
the future integration of the ECDL and can certainly
facilitate the development of low-noise narrow-band
and rapidly tunable devices.
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